Nonmyeloablative conditioning is increasingly used for transplantation in a wide range of diseases, but little is known about its impact on the incidence of infections and immune reconstitution. We examined the pattern and outcome of cytomegalovirus (CMV) infections monitored by polymerase chain reaction-based assays and treated preemptively in 101 patients following nonmyeloablative conditioning containing in vivo Campath-1H. Fifty-one patients (50%) had a CMV infection at a median of 27 days after transplantation with a probability of 84.8% in patients at risk of CMV infection. The probability of recurrence of CMV infection before and after 100 days was 53.6% and 46.6%, respectively, and was more common in unrelated donor transplant recipients. All 3 patients who developed CMV disease died of this complication. The 2 patients with late CMV disease had grade III to IV graft-versus-host-disease (GVHD), which occurred de novo in only 4% of patients and in another 10% following donor lymphocyte infusions. The median time to CD4 ؉ T-cell count more than 200/L was 9 months in the 48 patients studied. The probabilities of overall survival and nonrelapse mortality at 18 months were 65% and 27.8%, respectively, with no significant difference in survival between CMV-infected and -uninfected patients. The use of Campath-1H appeared to be associated with a low incidence of GVHD but a high incidence of CMV infections and prolonged immune paresis. (Blood. 2002;99:4357-4363) 
Introduction
Cytomegalovirus (CMV) infection is still a major concern following allogeneic hematopoietic transplants because CMV pneumonia is fatal in 70% of patients, even when treated with a combination of antivirals and CMV hyperimmune immunoglobulin. 1 While the therapeutic strategy has moved to prophylaxis with ganciclovir (GCV) or polymerase chain reaction (PCR) or antigenemia-guided preemptive therapy, [2] [3] [4] the epidemiology of CMV disease has changed as well. The incidence of CMV disease beyond 100 days is increasingly observed following such preventive approaches. 5, 6 Chronic graft-versus-host-disease (GVHD) and prolonged use of GCV have been recognized as the 2 major risk factors for CMV disease after 100 days. 5, 6 The major determinants for the development of CMV disease are the type of transplant, GVHD, and its therapy. [5] [6] [7] [8] [9] Persistent CD4 ϩ lymphopenia has been identified as an important prognostic factor for development of CMV disease after antiviral therapy. 10 Li et al have demonstrated a strong association between the lack of CMV-specific CD8 ϩ cytotoxic T lymphocytes and the development of CMV disease after transplantation. 11 The achievement of engraftment following nonmyeloablative conditioning has widened the scope of allogeneic transplants to patients who were previously considered ineligible or at a high risk of mortality following conventional transplants. [12] [13] [14] [15] [16] [17] However, the use of nonmyeloablative conditioning in human studies has not resulted in a low incidence of GVHD as expected from preclinical studies and GVHD remains the predominant cause of death after such transplants. 13, [15] [16] [17] In a multicenter study from the United Kingdom, we have reported a low incidence of GVHD with the addition of Campath-1H in vivo to the conditioning regimen of fludarabine and melphalan. 14 However, we also noted a high incidence of CMV reactivation in patients treated with this schedule. We report here the pattern of CMV reactivation and outcome using PCR-guided preemptive antiviral therapy and the incidence of opportunistic infections in 101 patients undergoing nonmyeloablative transplantation in this multicenter study. The T-cell subset recovery was also longitudinally monitored in 48 of these patients.
Patients and methods

Patients
Between June 1997 and February 2001, 101 patients were enrolled in this study from 4 major collaborating centers. The eligibility criteria for this study have been previously described and the study design was approved by local ethics committee of all the participating centers. 15 
Conditioning regimen
Conditioning treatment consisted of Campath-1H (the IgG1 humanized monoclonal antibody against CD52) 20 mg/d on days Ϫ8 to Ϫ4, fludarabine 30 mg/m 2 from days Ϫ7 to Ϫ3, and melphalan 140 mg/m 2 on day Ϫ2. 15 Cyclosporin A was started from day Ϫ1 as GVHD prophylaxis. Patients received unmanipulated peripheral blood stem cells from a matched family donor or unmanipulated bone marrow from an unrelated donor (UD).
Donor lymphocyte infusion (DLI) was not a part of the protocol and was at the discretion of the treating physician. The usual indications were persistent mixed chimerism or worsening donor chimerism and persistence, progression, or relapse of the disease that warranted the transplant.
CMV surveillance
Pretransplant serum samples from all patients and donors were tested for serologic evidence of past infection with CMV by an enzyme-linked immunosorbent assay. CMV seropositive recipients (R) or those receiving grafts from CMV seropositive donors (D) were defined as being at risk for CMV disease. Among the patients at risk for CMV disease, CMV seropositive recipients receiving graft from a CMV-seropositive (R ϩ /D ϩ ) or seonegative donor (R ϩ /D Ϫ ) were defined as high risk (CMV-HR) and CMV-seronegative patients receiving transplants from seropositive donors (R Ϫ /D ϩ ) were termed as intermediate risk (CMV-IR). CMV seronegative patients receiving grafts from CMV-seronegative donors were considered low-risk for CMV disease (CMV-LR). CMV-LR patients received CMV Ϫ blood products, whereas CMV-HR and CMV-IR patients were given unscreened blood products.
All the CMV-HR patients were screened for CMV reactivation by PCR-based assays on whole blood collected in EDTA. Three centers used qualitative PCR for CMV surveillance. This was done using a nested PCR in one center 18 and a nonnested assay (Roche, Amplicor) in the other 2. The fourth center used the Taqman quantitative CMV PCR assay format. 19 The limit of detection for this assay was defined as 500 CMV genome copies/mL.
The patients were screened every week from transplantation to 100 days after the procedure. Generally those patients who had CMV infection before 100 days or had GVHD were screened for 180 days or beyond. Patients with persistent infection or disease or GVHD were screened beyond this period at the discretion of the individual center. In addition, 25 CMV-LR patients were screened for 100 days after transplantation.
Preemptive antiviral therapy
The patients received antiviral therapy if 2 consecutive qualitative PCR assays were positive or CMV genome copies exceeded 500/mL on 2 consecutive quantitative assays. GCV 5 mg/kg twice a day or foscarnet 120 to 180 mg/d in 2 or 3 divided doses was considered as the first-line therapy. Dose adjustments were made for impairment of renal function. Treatment was stopped if 2 consecutive nonnested or one nested PCR assay was negative or below the detection limit on 2 consecutive quantitative assays. Treatment was switched from one drug to the other if there was serious nonoverlapping toxicity. This was also instituted if there was persistent infection after 2 to 3 weeks treatment or if the infection recurred within 2 weeks after obtaining 2 negative results on PCR. Two patients from one of the centers received cidofovir as the first-line therapy as a part of a local study protocol.
Definitions
CMV infection was defined as PCR positivity on 2 consecutive assays, without clinical signs or symptoms. Recurrence of CMV infection was defined as CMV infection occurring after negative PCR assays following treatment of the initial episode of infection. CMV disease was defined as demonstration of CMV by culture or early antigen detection tests in bronchoalveolar lavage specimen in the presence of recent respiratory signs and symptoms with pulmonary infiltrates on radiology, or histologic evidence of CMV from other visceral sites. CMV infection and disease were defined as late if they occurred after 100 days. CMV-related death was defined as definite if death occurred within 6 weeks of the diagnosis of CMV disease, unrelated to the underlying disease or another etiology. Short of tissue diagnosis, death in a patient with a persistently positive PCR with no other obvious cause and presence of clinical signs or symptoms, which could be explained by CMV disease, was considered possible CMV-related death.
Treatment of CMV disease
Disease was treated with either GCV 5 mg/kg twice a day or foscarnet at a dose of up to 180 mg/d in divided doses or a combination of both. Intravenous immunoglobulin was also added to the antiviral regimen.
Supportive care
Antimicrobial prophylaxis consisted of acyclovir and fluconazole or itraconazole from the beginning of conditioning treatment. Every patient received Pneumocystis carinii prophylaxis with co-trimoxazole 480 mg every 12 hours 3 times weekly, after the absolute neutrophil count exceeded 1.0 ϫ 10 9 /L. Febrile neutropenic patients were treated with broad-spectrum antibiotics according to institutional policy of each center. Granulocyte colony-stimulating factor was administered subcutaneously at the discretion of the physician doing the transplant procedure to hasten neutrophil engraftment. Irradiated red blood cell and platelet transfusions were administered to maintain hemoglobin and platelets above 9 g/dL and 10 ϫ 10 9 /L, respectively.
Estimation of T-lymphocyte subsets
Peripheral blood was collected in EDTA for T-lymphocyte subset analysis, at least once every 3 months after the transplantation. T-lymphocyte subsets were analyzed by flow cytometry using a FACScan and SimulSET software (Becton Dickinson, Oxford, United Kingdom) as previously described. 20 
Statistical analysis
The primary endpoint of this study was CMV infection. Recurrence of CMV infection was evaluable only in patients followed for at least 4 weeks after remission of the first infection. Patients undergoing CMV screening beyond 100 days were evaluable for late reactivation. Data were censored at the time of death, retreatment of relapsed disease with cytotoxic drugs, death, or receipt of CMV-specific cytotoxic CD8 ϩ T cells (n ϭ 6). The variables were analyzed by either 2 ϫ 2 contingency tables or Student t test (for continuous variables). Probabilities of CMV infection and recurrence, overall survival, and nonrelapse mortality were analyzed by the KaplanMeier method and the difference between the groups was compared using log-rank 2 test. The effect of the variables on time-to-CMV recurrence was tested in a Cox regression model, using the SPSS version 9 (SPSS UK, Worthing, United Kingdom). The variables examined were age, sex, disease type, donor type, CMV risk status, neutrophil engraftment, CD4 ϩ T-cell counts at 3 and 6 months, duration of previous episodes of CMV infection, GVHD, and duration of antiviral treatment. The variables were analyzed in an univariate model and the variables with P Ͻ .10 were entered in the multivariate model. Other outcomes (nonrelapse mortality and overall survival) were also examined in a Cox regression model, with CMV infection and recurrence as covariates.
Results
Patient characteristics
Detailed characteristics of this patient cohort are shown in Table 1 . In brief, 101 patients were studied with a median follow-up of 15 months (range, 2-46 months). The median age was 44 years (range, 18-59 years). Thirteen patients received transplants for acute leukemia, 10 for chronic leukemias, and 78 for lymphoproliferative disorder or myeloma. Thirty-four patients had previous transplants (33 autografts, 1 allograft). Thirty-four patients received a bone For personal use only. on July 25, 2017. by guest www.bloodjournal.org From marrow graft from a UD. Eighteen of these patients received a UD graft as a second transplant.
CMV infection
Overall, 51 (50%) patients developed a CMV infection ( Table 2 ). The median time to first CMV infection was 27 days (range, 7-240 days) after transplantation, with all but one initial episode occurring before 100 days. Forty-five (90%) of these patients showed evidence of CMV infection before 35 days after transplantation. There was no impact of donor type or previous transplant on the time to CMV infection.
Recipient-donor serostatus
The probability of developing a CMV infection among CMV-HR and CMV-IR patients was 84.8% (95% CI, 75.0%-94.6%; Figure  1 ). There was no difference in the demographic profiles of CMV risk groups. There was no effect of the donor status on the incidence of CMV reactivation in CMV-HR patients. The reactivation rate in patients with seropositive and seronegative donors was 92% and 78%, respectively. Fifty percent of the CMV-IR patients had evidence of CMV infection. Of the 41 CMV-LR patients, 25 were monitored for CMV infection and only one patient was documented to have CMV infection.
Type of transplant
Eighty-four percent (16 of 19) of the CMV-R UD transplant recipients reactivated CMV compared to 85.3% (35 of 41) of sibling donor transplants among CMV-HR and CMV-IR patients. Reactivation was equally frequent among those patients receiving (94%) or not receiving (85%) a second transplant, irrespective of the source of the graft.
Preemptive therapy
GCV was used as first-line therapy in 44 episodes and foscarnet (n ϭ 5) or cidofovir (n ϭ 2) was used in others due to reactivation occurring in the pre-engraftment period. In 11 patients the treatment was changed, either due to nonresponse by 2 to 3 weeks or drug toxicity. The median duration of treatment for the first episode was 21 days (range, 10-57 days). There was a trend toward more prolonged therapy for UD transplants (median 27 days versus 21 days for matched related transplants, P ϭ .06).
Recurrence of CMV infection
Forty-one of the 51 patients who had an initial episode of CMV infection were evaluable for recurrence because 10 patients were excluded from the analysis (death, 3; cytotoxic T-lymphocyte [CTL] therapy, 5; and inadequate follow-up, 2). The overall probability of recurrence was 71.3% (95% CI, 56.7%-85.8%). Seventeen patients had 2 episodes of reactivation, with 11 patients having 3 or more episodes.
The probability of recurrence of CMV infection before 100 days after transplantation was 53.6% (95% CI, 41.8%-65.4%; Figure 1 ). This developed at a median of 59 days (range, 35-80 days) after transplantation ( Table 2 ). For recurrent infections before 100 days, the median overall duration of therapy was 15 days (range, 7-35 days). AML indicates acute myeloid leukemia; ALL, acute lymphocytic leukemia; MDS, myelodysplastic syndrome; CML, chronic myeloid leukemia; CLL, chronic lymphocytic leukaemia; HD, Hodgkin disease; NHL, non-Hodgkin disease.
*The differences between these subgroups were not significant (P Ͼ .05). *The differences between these subgroups were not statistically significant (P Ͼ .05).
Figure 1. CMV infection after nonmyeloablative transplantation.
A Kaplan-Meier graph shows the probability of developing CMV infection, CMV recurrence before and after 100 days, and CMV disease in the patients at risk of CMV disease after undergoing nonmyeloablative transplant. The cumulative incidence is in the y-axis and the time after transplantation is in the x-axis.
BLOOD, 15 JUNE 2002 ⅐ VOLUME 99, NUMBER 12 For personal use only. on July 25, 2017. by guest www.bloodjournal.org From Eleven of the 13 evaluable UD graft recipients had recurrence by 100 days compared to only 11 of 28 evaluable recipients of matched family donor grafts (P ϭ .01). There was no impact of patient age, donor-recipient serostatus (Table 2) , previous transplant, or duration of the first episode on the recurrence of CMV infection before 100 days.
Late CMV infection
Sixty-one patients were potentially evaluable for late infection due to either their CMV risk status (n ϭ 60) or CMV infection in CMV-LR patients (n ϭ 1), but 23 individuals were excluded from final analysis (death, 5; retreatment of relapse, 3; CTL therapy, 6; inadequate follow-up, 4; not monitored due to lack of reactivation before 100 days, 5). The probability of late reactivation was 46.6%, (95% CI, 30.3%-62.9%) in the 38 evaluable patients at a median of 122 days (range, 100-240 days; Figure 1 ). All except one individual had an initial episode of CMV infection before 100 days. The number of reactivation episodes ranged from 1 to 4 per patient (median, 1 episode). The total duration of antiviral therapy for all the episodes per patient varied between 10 and 121 days (median, 18 days).
Late CMV infection occurred in 7 of the 10 evaluable patients who had a UD transplant, compared to 10 of 28 evaluable patients following sibling transplants (P ϭ .01). Recurrence before 100 days was not a risk factor for late infection but the total duration of CMV-PCR positivity for all episodes before 100 days (median 46 versus 22.5 days in patients without late reactivation, P ϭ .01) correlated significantly with late CMV infections ( Table 3) .
Immune reconstitution
The pattern of recovery of the T-cell subsets was serially monitored in 48 patients. CD4 recovery was slow across all the subgroups, with none achieving a normal CD4 ϩ T-cell count at 1 year after transplantation. Figure 2 depicts the recovery of CD4 ϩ and CD8 ϩ T cells in unrelated and matched family donors. This was similar in the 2 groups. All the symptomatic infections occurred when the CD4 ϩ count was below 200 CD4 ϩ T cells/L. The value of 200 CD4 ϩ T cells/L was achieved at a median of 9 months (95% CI, 7.06-10.94). The CD4 ϩ T-cell count was significantly delayed in patients with late CMV reactivation (mean Ϯ SD ϭ 36.1 Ϯ 30.1/ L), compared to patients not experiencing a late reactivation For personal use only. on July 25, 2017. by guest www.bloodjournal.org From (mean Ϯ SD ϭ 98.1 Ϯ 61.6/L; P ϭ .04). However, immune reconstitution data were available for only 48 patients and this analysis should be interpreted with caution because of the small numbers in each subgroup.
Risk factors for CMV recurrence
Recurrence of CMV infection was common. The dependent variables analyzed were recurrence before 100 days, recurrence after 100 days, and overall recurrence. UD transplantation was a significant risk factor for all 3 groups on univariate analysis, and this remained the single most important risk factor for overall reactivation and reactivation before 100 days on multivariate analysis. The other risk factors for late recurrence were low CD4 ϩ T cells at 3 months and the duration of previous CMV episodes before 100 days. However, on multivariate analysis, only the CD4 ϩ T-cell count at 3 months maintained borderline significance (P ϭ .08) in the subgroup of 23 patients on whom the data were available. This could be as a result of the smaller sample size, when CD4 ϩ T-cell count was considered.
CMV disease and death
Three patients had definite CMV disease (actuarial probability 6.4% among CMV-HR and CMV-IR patients at 12 months after transplantation); 2 had pneumonia on days ϩ40 and ϩ100 and 1 had gastrointestinal involvement on day ϩ230 after transplantation ( Figure 1 ). In addition, there were 2 possible CMV deaths. One patient had progressive interstitial pneumonia on day ϩ50, with persistent CMV-PCR positivity with no other etiology. Another patient developed severe liver failure on day ϩ35 following CMV reactivation. A tissue diagnosis was precluded in both these patients due to severe coagulopathy and permission was not obtained for necropsy.
All 5 patients died within 4 weeks of presentation. Two of these 5 deaths occurred after 100 days and both were associated with grade III to IV GVHD following infusion of donor lymphocytes. All 5 patients were CMV-HR and 3 of them received grafts from family donors.
GVHD
Eighteen patients (17.8%) developed acute GVHD de novo, with grade III to IV GVHD in only 4 patients (3.9%). Thirty patients received DLI and half of them developed GVHD. Grade III to IV GVHD developed in 10 patients after DLI (Table 1) . Thus, overall, 33 patients developed GVHD and 14 had grade III to IV disease. Of the 4 deaths attributable to GVHD, only 2 occurred de novo. Chronic extensive GVHD developed in 4 patients, but in 3 of them it occurred after DLI. There was no influence of the donor type on the occurrence of GVHD either de novo or after DLI. No correlation was detected between CMV risk status or CMV infection and GVHD.
Nonrelapse mortality and overall survival
Twenty-three patients died of nonrelapse causes at a median follow-up of 15 months. Infections accounted most of the deaths with CMV being the single most important infectious cause for nonrelapse mortality (Table 4 ). Death within the first 100 days due to regimen-related causes was observed in 2 patients only. Two more patients died from neurologic complications and 2 CMV-LR patients died of idiopathic pneumonitis. No single variable was identified as a risk factor for nonrelapse mortality.
The probability of 100-day mortality was 12.1% (95% CI, 5.7%-18.5%) and the actuarial probability of overall nonrelapse mortality at 12 and 18 months was 22.7% (95% CI, 14.0%-31.4%) and 27.8% (95% CI, 17.2%-38.4%), respectively. There was no difference in the nonrelapse mortality depending on CMV infection ( Figure 3A ) or serostatus ( Table 2) .
The actuarial probability of overall survival at 12 months and 18 months was 71.3% (95% CI, 61.7%-80.59%) and 65% (95% CI, A KaplanMeier graph shows the cumulative probability of (A) nonrelapse mortality in patients with (n ϭ 51, events 10) and without CMV infection (n ϭ 50, events 13; P ϭ .44) and (B) overall survival in patients with (n ϭ 51, events 13) and without CMV infection (n ϭ 50, events 17; P ϭ .37). The patients with CMV infection are represented by the broken line and those without CMV infection are shown as a solid line.
BLOOD, 15 JUNE 2002 ⅐ VOLUME 99, NUMBER 12 For personal use only. on July 25, 2017 . by guest www.bloodjournal.org From 54.1%-75.9%), respectively. Survival was similar in patients infected with CMV or not infected ( Figure 3B ). The survival for UD transplant recipients was also similar to those receiving a matched family donor graft.
Discussion
The incidence and outcome of CMV infections after nonmyeloablative transplantations are unknown. Our study has shown a very high incidence of CMV infection with very early reactivation in this cohort of patients receiving Campath-1H in vivo. Such high rates of reactivation have not been reported following conventional transplants from matched family donors. 21, 22 In one other report on infections after nonmyeloablative transplants 65% (13 of 20) of the patients developed CMV infections following antithymocyte globulin-based conditioning. 23 Recent reports have suggested that the incidence of CMV reactivation after fludarabine and low-dose total body irradiation-based conditioning schedules seemed to be similar or slightly lower, compared to conventional transplants. 24, 25 Reactivation of CMV among the UD graft recipients, which comprised a third of the CMV at-risk group, was comparable to that following conventional T cell-depleted transplants. 20 However, the UD transplant group was characterized by a high incidence of recurrent CMV infection. The kinetics of the T-cell subset recovery was not slower for UD transplant recipients, but it is possible that HLA class I/II microvariant disparities could have predisposed to more specific defects of virus-specific CTL recovery. However, although the comparisons between the donor types are relevant, the statistical power for these data are limited due to the small numbers involved in subgroup analysis.
Late reactivation occurred in just less than half of the patients at risk. Few studies 18 have carried out extended CMV surveillance beyond 100 days and CMV infection beyond this period is usually identified only when symptomatic. A longer persistence of CMV infection or frequent reactivation before 100 days predisposed to late infections, particularly in UD transplant recipients. Previous studies in transplant recipients 10, 26 have demonstrated the pivotal role of CD4 ϩ T cells in the development of CMV infection as well as disease. An analysis of this subgroup revealed a correlation between CD4 ϩ T-cell counts at 3 months and late CMV infections. However, because of the small number of patients the data should be interpreted with caution.
Despite such a high incidence of both early and late CMV reactivation, the incidence of definite CMV disease was limited to 6% among the CMV at risk group. This could be due to several factors. First, the intensive and extended preemptive strategy was probably crucial in preventing CMV disease. With 45% of the patients experiencing late reactivation, it is not unreasonable to assume that the occurrence of late CMV disease was aborted to some extent by the use of extended preemptive therapy. However, intermittent preemptive therapy was not sufficient to prevent recurrent reactivation, particularly among UD transplants.
Second, severe GVHD and its treatment, which are the most important factors in the predisposition to CMV disease, [4] [5] [6] 8, 9 were observed de novo in only 4% of the patients in this study. Both of the patients with late CMV disease in our cohort had severe GVHD and all the episodes of CMV disease were fatal. The low incidence of GVHD probably influenced the outcome of recurrent CMV infections occurring in this high-risk population.
On the other hand, the high rate of CMV and non-CMV infections in our study could be due to the use of Campath-1H in the conditioning regimen. Accurate assessment of the extent of T-cell depletion with Campath in vivo is not possible. Campath when used in vivo has been reported to be present in the circulation in sufficient amounts (0.5-3.62 g/mL) for variable periods to cause antibody-dependent cell cytotoxicity of the graft depending on the dose and duration of treatment. 27 The regimen was effective in reducing the incidence of GVHD, but Campath-1H in vivo used in these patients may have had a more profound effect on immune reconstitution.
The kinetics of T-cell recovery in patients receiving related donor grafts was not different from that of the UD group. In addition, the majority of the CMV disease and death occurred in the related donor group. Moreover, CMV seropositivity of the donor did not reduce the incidence of CMV infection, recurrence, or disease in seropositive recipients. Thus, posttransplant immune reconstitution and its impact are unlikely to be different for related and unrelated donors if T-cell depletion is extensive. These findings have prompted us to initiate a study with de-escalation of the dose of Campath-1H in fully matched related and unrelated donors to determine the optimum balance between reduction of GVHD and immune reconstitution. Further detailed studies on immune reconstitution and infections are needed in these high-risk patients undergoing experimental conditioning strategies for allogeneic hematopoietic stem cell transplantation.
